and fast, and produces stable TBBPA derivative. GC-MS with electronic impact (EI) 23 ionization mode shows better detection power than using negative chemical ionization (NCI) 24 mode. EI gives a method detection limit of 0.04 pg m -3 and enables to determine trace 25 TBBPA in ambient air in remote area. The method was successfully applied to the 26 determination of TBBPA in atmospheric samples collected over land and coastal regions. The 27 concentrations of TBBPA ranged from below the method detection limit (0.04 pg m -3 ) to 0.85 28 pg m -3 . A declining trend with increasing latitude was present from the Wadden Sea to the 29 Arctic. The atmospheric occurrence of TBBPA in the Arctic is significant and might imply 30 that TBBPA has long-range transport potential. 31 1  2 Brominated flame retardants (BFRs), particularly polybrominated diphenylethers (PBDEs), 3 tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD) have been used in a 4 variety of commercial application. TBBPA is probably the most widely used flame retardant 5 [1] . The worldwide market demand for TBBPA was estimated at 170,000 tonnes per year in 6
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2004 [2], 84.62% of which is used in Asia, with total market demand in America and Europe 7 down to 9.38% and 6%, respectively. Although the market demand of BFRs decreases in 8
Europe and Americas, as the market demand in Asia increase dramatically, the gross world 9 production of TBBPA keeps an increasing trend. 10 TBBPA is used primarily as a reactive flame retardant in printed circuits boards (90%) but 11 also used as an intermediate in the production of other brominated flame retardants, TBBPA 12 derivatives and brominated epoxy oligomers [3] . TBBPA is chemically bound in the reactive 13 applications and has no potential for emissions to the environment. In addition, TBBPA is 14 also used as an additive flame retardant in plastics, which can be released into the 15 environment by emission. In Europe, there are four BFRs manufacturing plants that are 16 located in the UK, France and the Netherlands. Thus, the releases from the synthesis of BFRs 17 are unlikely to be the dominant input source for their occurrence in Germany. In contrast, the 18 subsequent use of polymers incorporating with BFRs in textiles, electronic equipments, paints 19 and furniture might be a more important source [4] . 20 Under the assumption that BFRs are a safe class of flame retardants, they are widely 21 distributed in the environment. Recently, concerns have been increasing regarding their 22 persistence and potential bioaccumulation [5, 6] . TBBPA has been proved toxic and has 23
shown significantly thyroid hormonal activities [7] . The structure similarity of TBBPA to 24 bisphenol A has suggested that TBBPA might have the ability to bind to the estrogens 25 receptor and disrupt signalling [8] . Moreover, TBBPA is neurotoxic in cerebellar granule cells 26 and rat brain synaptosomes [9, 10] . Although presently there is no regulated restriction on the 27 use of TBBPA, the evaluation is currently underway in the EU, US and Asian-pacific 28 countries [3] advantage of this method is no clean-up required, which could reduce the losses during 8 sample treatment and thus achieve a good recovery. 9
The objective of the present study was to develop and validate complementary, highly 10 sensitive, and reliable analytical methods for determination of TBBPA in the atmosphere, 11 which should be applicable even to determine airborne TBBPA in remote area. In the present 12 study, GC-MS methods were developed based on derivatization of TBBPA with silylation 13 reagent N,O-bis(trimethylsilyl)trifluoroacetamide and 1% Trimethylchlorosilane (BSTFA + 14 1% TMCS). The performance of both EI and NCI modes were evaluated for detection of the 15 TBBPA derivatives. In addition, the efficiency of high volume sampling for collection of 16 airborne TBBPA was examined by the recovery and the breakthrough test in field sampling. 17 This method has been applied to detect TBBPA in the atmosphere over the Wadden Sea and 18 The extracts were reduced to 2 mL using a rotary evaporator at 30 °C under reduced 26 pressure and then cleaned up through a silica gel column, which is described in [25] . 27
Experiments were also performed with column packed with 2 g of Na 2 SO 4 (upper phase) + 28 2.5 g of silica gel (lower phase). The loaded column was eluted with 15 mL of hexane 29 Table 1 The clean-up procedure was optimised based on the procedure described in [25] . The 9 recoveries obtained in different fractions and with different eluting solvents are summarized 10 in Table 2 . The OH-groups in the structure of TBBPA make it more polar than PBDEs. In the 11 clean-up experiments, PBDEs were present in the first fraction with a recovery of 12 approximately 100%. However, TBBPA only eluted off the silica gel cartridge with more 13 polar solvents. Therefore, with the clean-up, TBBPA was completely separated from PBDEs 14 that might interfere with the determination of TBBPA by GC-MS [27]. As shown in Table 2 OH-groups. Therefore, the extracts were put into freezer (-20 °C) to remove water before 25 clean-up, instead of using Na 2 SO 4 for eliminating trace water present in the samples. All laboratory treatments were performed in a clean-lab. However, in previous studies we have 9
found relatively high concentrations of nonylphenol and phthalate esters when they were analyzed 10 in the laboratory blanks [25] . Surprisingly, concentration of TBBPA in laboratory air was 11 relatively low (< 20 pg m Ocean, TBBPA was also determined in the second column with a proportion of 17%. 21 Hypothetically, in the marine environment, sometimes the air mass contains high proportion 22 of water due to the sea spray and wave broken. Because of the washout effect, the 23 breakthrough may happen for the sampling. Although this result is not critical for the sampling 24 method, it indicated that the marine condition such as high humidity and sea sprays might affect 25 the sampling efficiency. derivatization of TBBPA, which shows many advantages over diazomethane [19] . As an 34 alternative technique, derivatization with silylation reagents was applied in this study.
There is no peak present in the chromatogram for silylation with MTBSTFA because of the 1 major ion of the TBBPA derivative is beyond the mass range of the equipped MS detector 2 (≤700 amu). Good results were achieved using both BSTFA and BSTFA + 1% TMCS. The 3 TBBPA derivative (TBBPA-TMS) shows excellent GC-MS properties, e.g. sharp peak shape 4 and good response in both EI and NCI modes. The intensity of the TMS product of TBBPA 5 was increased by a factor of 3-5 relative to that without derivatization. The reaction was 6 performed at elevated temperature of 60 °C, and completed in 10 min. Relative standard 7 deviations (RSDs) of 5% and 3% were achieved respectively for the responses of TBBPA-8 TMS with different reaction time (10 min, 30 min, 60 min and 120 min) and with different 9 amount of reagents (5%, 25% and 50% BSTFA+1% TMCS in hexane), indicate satisfactory 10 reproducibility for the derivatization. In order to simultaneously detect TBBPA with other 11 phenolic compounds, e.g. alkylphenols and estrogenic steroids, the derivatization procedure 12 was performed as follows: 100 µL of BSTFA + 1%TMCS were added to 100 µL sample in 13 hexane and kept reacting at 60 C° for 1 h. GKSS samples were also analyzed using GC-MS-NCI 14 with ions of 79 and 81 for [Br] -in order to check the efficiency of derivatizaiton. No detectable 15 un-derivatized TBBPA and TBBPA [ Table 3 . As compared to the detection limits reported in the literatures, the 19 LOD achieved with GC-EI-MS for TBBPA derivative was comparable to that obtained using 20 GC coupled to high-resolution mass spectrometry (GC-EI-HRMS) [20] , and was one order of 21 magnitude lower than those obtained using LC-EI-MS and LC-EI-MS-MS [22] [23] [24] . It is 22 indicated that the method developed in this study is alternative for determination of trace 23 levels of TBBPA in the environment. Several samples collected at GKSS station were 24 determined using both EI and NCI modes. The results showed that the sensitivity of GC-EI-MS 25 was better compared to GC-NCI-MS for determination of trace TBBPA. Therefore, the 26 concentrations in air samples from the Wadden Sea and the Arctic were determined only with 27 GC-EI-MS. 28 samples with concentrations from lower than the quantification limit to 13 pg g -1 wet weight 25 [32] . The atmospheric occurrence of TBBPA in the Northeast Atlantic might be an 26 explanation for the detection of TBBPA in polar animals. As TBBPA mostly partition to the 27 sewage sludge and sediment in the waster water treatment plants and in the rivers, the 28 discharge of the TBBPA through the river run likely accumulated in the estuaries [23] . The 29 transport through ocean current should not be significant. Although TBBPA showed relatively 30 low concentrations in this study, its occurrence in the coastal atmospheric samples suggests 31 that TBBPA has atmospheric long-range transport potential. Because most parts of Arctic are 32 very remote, with very few activities that constitute local sources of POPs, the Arctic is an 33 important indicator region for assessment of persistence and bioaccumulation of persistent 34 organic pollutants (POPs) [30] . Any organic pollutants found in this area can be evidently 1 regarded as emerging POPs. Therefore, the occurrence of TBBPA in Arctic air might be 2 significant for assessment of its risk as one of environmental pollution. 3
GC-MS analysis with EI and NCI
The particle-bound proportions of TBBPA ranged from 28 to 98% (Table 4) . Generally, 4 because of declining particle concentrations from the land to the ocean, the particle-bound 5
proportions of TBBPA were decreasing. Sampling campaigns were performed in winter at 6 GKSS station and in summer for Nutex-5 and ARK XX-1/2 cruise, so some of the declining 7 particle-bound proportions also resulted from the sampling temperature. The samples 8 collected at GKSS station in January of 2005 were under a dry condition, which resulted in 9 high particle concentrations and high particle-bound proportions for TBBPA. In contrast, low 10 particle-bound concentrations were present in the samples collected at GKSS station in 11 
